ABSTRACT
INTRODUCTION
Hypervariable minisatellite DNAs are short, tandemly repeated sequences that are present at numerous loci throughout the genomes of a wide range of eukaryotic organisms. The number of repeats at each locus is variable and has been used to generate 'genetic fingerprints' which are highly informative for linkage analysis and establishing genetic relationships (1) (2) (3) . Several lines of evidence suggest that minisatellite sequences promote homologous recombination in their vicinity. They include: statistical analysis of human allele distribution (1) ; proximity of minisatellite sequences to recombination hotspots in the mouse major histocompatibility complex (4) ; correlation of in situ hybridization of minisatellite DNA to chiasmata in meiotic human chromosomes (5) ; and DNA sequence similarity to the known recombination hotspot Chi in the bacteriophage lambda of E. coli (6) .
We have recently demonstrated that tandem arrays of a hypervariable minisatellite consensus sequence (SAT, 5'-AGA-GGTGGGCAGGTGG-3') stimulate homologous recombination up to 13-fold in human cells (7, 8) . Enhancement of recombination is observed at a distance from the minisatellite and in both directions, but stimulation is greater to one side than the other. Stimulation occurs in a partially dominant manner, and the minisatellite sequence is inherited equally in the products. Multiple recombination events are promoted, and preferential stimulation of reciprocal exchange events is observed. Thus, hypervariable minisatellite DNA sequences may be specific sites for the initiation of homologous recombination in the eukaryotic genome. We proposed that a specific protein interacts with the minisatellite sequence to mediate its recombinogenic activity (7, 8) . Subsequently a hypervariable minisatellite DNA binding protein, Msbp-1, has been detected in unfractionated extracts of several eukaryotes (9) . We Preparation of nuclear extracts Nuclear extracts were prepared by a procedure modified from that of Dignam (10) . Approximately 3 x 109 HeLa cells were harvested by centrifugation, washed in 500 ml ice-cold HBSS, and recentrifuged. All subsequent steps were done on ice. The cell pellet was resuspended in 3 packed cell volumes of swelling buffer A (10 mM Tris-HCl/10 mM NaCl/5 mM MgCl2, pH 7.5) The complete reaction contains 10 pg nuclear protein, 0.1 ng (SAT)6.5 probe (5,000-10,000 cpm),. and 2 pg poly(dI-dC) (dI-dC Synthetic hypervariable minisatellite DNA probe The construction of the hypervariable minisatellite consensus core sequence (SAT, 5'-AGAGGTGGGCAGGTGG-3') has been previously described (7, 8) . A library of plasmids, each containing from 3 to 35 tandem copies of SAT, was constructed. The (SAT)6 5 fragment was excised from pSATi -6 vector by digestion with BamHI and EcoRI, fractionated on 8% polyacrylamide gels, electroeluted, ethanol precipitated, and resuspended in TE (10 mM Tris-HCl/1 mM EDTA, pH 7.5) at a concentration of 10 ng/gl. 50 ng aliquots were radiolabeled with 32P dATP by Klenow enzyme, purified on Sephadex G50-50 spun columns, and diluted to 0.1 ng/,ul. Probe activity was 5,000-10,000 cpm/0. 1 ng. A fragment bearing 34 copies of SAT was prepared similarly.
Gel mobility shift assay Binding reactions were conducted in a volume of 15-20 $ul (12% glycerol/12 mM Hepes/4 mM Tris-HCl/60 mM KCl/1 mM EDTA/1 mM DTT, pH 7.9). Crude nuclear extract (< 10 ,ug) or fractionated extract was incubated with 2 lag poly(dI-dC) * (dIdC) for 5 minutes at room temperature. Radiolabeled (SAT)6.5 probe (0.1 ng, 5,000-10,000 cpm) and any competitor DNA was added and the mixture incubated another 15 minutes at room temperature. The samples were loaded on a 4% low ionic strength polyacrylamide gel (32:1, acrylamide:bisacrylamide; 6.7 mM Tris-HCl/l mM EDTA/3.3 mM NaOAc/2.5% glycerol, pH 7.9), fractionated at 20 mA for 3 hours with recirculation of low ionic strength electrode buffer (6.7 mM Tris-HCl/3.3 mM NaOAc/1 mM EDTA, pH 7.9), and the gels dried. XAR-5 film was exposed for 12-24 hours at -80°C. SDS prior to separation by SDS PAGE utilizing a stacking gel system as previously described (12 the extract. When (SAT)6.5 was incubated with poly(dI-dC)a(dIdC) and extract, numerous bands were observed that migrated more slowly than the native hypervariable minisatellite fragment. These results indicated that there were probably binding proteins in the extract that were specific for the minisatellite DNA.
SDS-PAGE and Southwestern blotting
To test the specificity of the interaction, increasing amounts of unlabeled minisatellite DNA were added to the reactions (Figure 1 ). All but two of the bands were titrated out with less tan a 13-fold excess of unlabeled fragment, and the remaining two bands decreased in intensity progressively to an 102-fold excess of (SAT)6.5 competitor DNA. In the final two reactions, 1000-fold excess of different unlabeled competitor DNAs were used. The two fragments, a 100 bp 5' fragment of the mouse ferritin gene (16) and a 25 bp fragment from the immunoglobulin switch mu region (Sr,) (17) , were both chosen because they, like the hypervariable minisatellite, are dG:dC-rich. Neither of the fragments competed with (SAT)65 for the nuclear factors, confirming the presence of specific hypervariable minisatellite DNA binding proteins (Msbp).
A number of possible explanations exist for the multiple shifted bands (Figure 1) . The Fractionation by size exclusion Nuclear extract was passed through a Superose 6 FPLC sizing column, and the fractions assayed by the gel mobility shift assay. The hypervariable minisatellite DNA binding activity eluted from the column within a single fraction corresponding to an apparent molecular weight of 200 kDa to 250 kDa (Figure 2 ). The gel mobility shift pattern was identical to that of crude extract shown in Figure 1 .
Fractionation by ion exchange chromatography Nuclear extract was passed through an FPLC mono S cation exchange column and the bound material eluted with a 50 mM to 500 mM KCl salt gradient. After dialysis the fractions were subjected to the gel mobility shift assay. The elution profile is presented in Figure 3 4 . Degree of enrichment and Southwestern blot analysis. A, silver stained SDS-PAGE of nuclear extract and fractions containing hypervariable minisatellite DNA binding activity as determined by gel mobility shift assay. Lane 1, unfractionated extract; 2, mono S purified Msbp-2; 3, DNA affinity purified Msbp-2; 4, mono S purified Msbp-3; 5, DNA affinity purified Msbp-3. For mono S enriched fractions 6-fold more binding activity was loaded per lane. DNA affinity purified fractions were concentrated 100-fold by microfiltration prior to loading. B, southwestern blot probed with (SAT)32. Lane 1, unfractionated extract; 2, purified Msbp-2; 3, purified Msbp-3. Arrows indicate location of minisatellite binding activity. The 42 kDa and 38 kDa species, possibly corresponding to Msbp-1 (9), do not copurify with Msbp-2 and Msbp-3.
Mzz responsible for hypervariable minisatellite DNA binding were classified as Msbp-2 (170 mM elution) and Msbp-3 (255 mM elution), respectively. Msbp-2 was relatively unstable under our conditions for storage or freezing and thawing, and decreased in binding activity progressively over a storage period of 1 month at -80°C. It was also not detectable, or present in barely detectable amounts, from some batches of nuclear extract. Msbp-3 was more stable. In addition to the two major elution fractions, some minisatellite DNA binding activity was also visible in flow-through fraction 4 . This activity may correspond to the Msbp-1 reported previously (9) . Fractionation by DNA-affinity chromatography The two Msbp peaks from the mono S column were further purified by DNA affinity chromatography. The gel mobility shift patterns of the elutants were identical to those obtained for the mono S peak fractions, and 20-fold unlabeled SAT65 probe competed for binding (data not shown).
PAGE and Southwestern blotting analysis Nuclear extract and fractionated extracts were denatured, separated on SDS polyacrylamide gels, and either stained to gauge the degree of purification or transferred by electroblotting to nitrocellulose membranes for southwestern blotting.
For southwestern blotting radiolabeled (SAT)34 was used as a probe to visualize the size of the hypervariable minisatellite DNA binding proteins. The data are presented in Figure 4B . Nuclear extract, mono S-purified fractions, and fractions from the DNA affinity column were subject to SDS-PAGE fractionation and silver stained ( Figure 4B of total protein present, and significant enrichment of Msbp-3 ( Figure 4 ). Based upon binding activity recovered and SDS-PA-GE analyses, we estimate that the Msbp proteins constitute on the order of <0.01 % of nuclear protein.
Msbp-2 and Msbp-3 are judged to be different proteins based upon their differential elution from the mono S column, different banding patterns in the gel mobility shift assay, and different sizes determined by both southwestern blot analysis and banding patterns of DNA affinity-purified fractions analyzed on silverstained, reducing SDS-PAGE gels. However, the possibility that these proteins are somehow related to each other has not been excluded.
Hypervariable minisatellite DNA-binding activity appears in a single 200 kDa to 250 kDa fraction from gel filtration columns run in 100 mM KCI, however after purification by cation exchange chromatography the proteins exhibit sizes of 77 kDa (Msbp-2) and 115 kDa (Msbp-3) on reducing SDS PAGE gels subjected to southwestern blotting ( Figure 4 ). Silver stained PA-GE gels of DNA affinity-purified fractions support these size estimates. Therefore, the 200-250 kDa band that eluted from the sizing column is in the size range that would be expected of a Msbp-3 homodimer. Alternatively, Msbp-2 and Msbp-3 may form a multimeric complex, or they may each associate with other proteins such that they fractionate as a complex of 200-250 kDa.
Recently a hypervariable minisatellite DNA binding protein of approximately 40 kDa, called Msbp-1, has been detected in the unfractionated nuclear extracts of mouse, rabbit, frog, and Drosophila cells (9) . Binding tolerates base substitutions within the minisatellite repeats and, consistent with the results of this study, requires tandem arrays of the core sequence. Our southwestern blots reveal binding activity at 42 kDa and 38 kDa, probably corresponding to Msbp-1, in unfractionated extracts ( Figure 4B ). However we observe that purified Msbp-2 and Msbp-3 have sizes of 77 kDa and 115 kDa respectively. Furthermore, the 42 kDa and 38 kDa bands do not copurify with either Msbp-2 or Msbp-3 proteins during ion exchange chromatography. It is possible that the 42 kDa and 38 kDa proteins are responsible for the minor binding activity that is observed in the flow-through fractions of the mono S column (Figure 3) . Thus, it is likely that Msbp-1 is a protein different from Msbp-2 and Msbp-3 proteins described here, or it is a degradation product of Msbp-2 or Msbp-3.
Although unlabled minisatellite DNA competes with labled probe for protein binding (and other competitor DNAs do not), it is interesting to note that there are two different levels of minisatellite competitor DNA required. Since a two-phase competition has also been reported for Msbp-1, and tandem repeats of the minisatellite are required for protein binding, this suggests that Msbp binding may be a complex process, perhaps requiring multiple steps.
Because hypervariable minisatellite DNA sequences stimulate homologous recombination 13-fold in nearby sequences (7), they must be involved in a rate-limiting step of the recombination process. Here we described the identification and partial purification of two hypervariable minisatellite DNA binding proteins, Msbp-2 and Msbp-3, from the nuclear extracts of human cells. To 
